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Abstract—The electrokinetic effect of dielectrophoresis is a
promising way of inducing forces and torques on a broad class
of polarizable objects at micro- and mesoscale. We introduce
a non-contact micro-manipulation technique based on this phe-
nomenon, which is capable to simultaneously position and orient
a micro-object of various shapes. A visual feedback control based
on a real-time optimization-based inversion of a mathematical
model is employed. The presented manipulation approach is
demonstrated in a series of experiments with Tetris-shaped SU-8
micro-objects performed on a chip with a quadrupolar electrode
array. Using more electrodes, the method is readily extensible to
simultaneous manipulation with multiple objects in biology and
micro-assembly applications.
Index Terms—noncontact micromanipulation, dielectrophore-
sis, position and orientation control, feedback, real-time opti-
mization
I. INTRODUCTION
M ICRO- and mesoscale manipulation is of a growing in-terest in various scientific and engineering disciplines.
In biology, a precise and accurate control of both position
and orientation is used, for example, in systems for single-cell
analysis [1]–[5], single-molecule studies [6], [7], or in micro-
robotics for bioengineering applications [8]–[10]. It can also
be used as a tool for controlled assembly of cell-encapsulating
microgel structures for purposes of tissue engineering, where
a complex organization of cells may be a vital issue. [11]–
[14] Apart from this usage, the so-called micro-assembly has
many envisioned applications in the industry. The emergence
of miniaturized components of the so-called hybrid micro-
systems (distinguished by their superior performance and func-
tionality) calls for effective methods of their mass production
replacing the costly manual assembly. [15]
A straightforward approach is to use the known solu-
tions from present automated industrial assembly lines and
to miniaturize them. [16]–[22] Either manually operated or
automated, all of the existing robotic micro-grippers have to
cope with many challenges, the most prominent one being
the adhesion effect. Since at microscale, the surface forces
dominate over the volumetric ones, the manipulation principles
that are known from the macro-scale, when scaled down, do
not work the same way. It is generally not so problematic to
grasp an object, but it is then rather hard to release it afterward.
To tackle this problem, one of the approaches to the assisted
release is to take an advantage of the repulsive electrokinetic
forces as demonstrated by Gauthier et al.. [23] Besides the
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problems with adhesion, the rigidness of the object, its material
and surface properties, its specific geometry, or its fragility
are the other issues that need to be considered when choosing
the suitable manipulation tool. [15] Furthermore, the contact-
based approaches to micromanipulation are usually hard to
parallelize. All of this speaks in favor of non-contact manip-
ulation.
There exist various physical phenomena suitable for non-
contact micro-manipulation, including the use of electric or
magnetic fields, acoustic, hydrostatic, or optical pressure.
Especially the magnetic and optical approaches [24]–[28] are
widely used. In this paper, we focus on a dielectrophoresis
(DEP). It is an electrokinetic phenomenon that fits nicely to
the lab-on-chip paradigm as it enables the whole device to
be miniaturized to a hand-held form and complements the
referred approaches.
DEP enables us to impart both forces and torques on
polarizable objects through creating and “shaping” the external
electric field. [29] This field, usually generated by a set of
micro-electrodes driven by harmonic voltage signals, interacts
with the charge distribution formed inside the polarized object
through the well-known Coulomb forces. Their result is then
the DEP force. We distinguish between several different DEP
related phenomena: conventional DEP (cDEP), traveling wave
DEP (twDEP), electroorientation, and electrorotation. The first
two describe the force created by a gradient of the electrostatic
pressure, and a gradient of the field’s phase, respectively. The
gradient of the phase is also responsible for the last two
mentioned effects, which impose a torque acting on the object.
All of these phenomena are jointly termed as general DEP
(gDEP). [30]
Feedback control of position of one or even several spher-
ical objects using DEP, which is not limited to a finite set
of cage/trap locations, has already been addressed and also
experimentally demonstrated numerous times. [31]–[34]
Just a few studies, however, deal also with orientation or
even simultaneous position and orientation control of, prefer-
ably non-spherical, objects, which is necessary for micro-
assembly tasks. Jiang and Mills used visual feedback to
control an orientation of spherical yeast cells in a plane. [35]
Edwards et al. performed experiments with feedback control
of orientation of gold nanowires. [36], [37] To this purpose,
however, they utilize just the effect of electroorientation, which
does not allow to control directly the magnitude of torque
applied to the object. Our approach builds on our previ-
ous work concerning the control-oriented (fast to evaluate)
mathematical model coupling both the relevant electrokinetics
and hydrodynamics effects observed during electrorotation of
non-spherical objects. More specifically, we presented a way
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2Fig. 1. Diagram of the experimental setup showing the feedback loop.
for computation of the gDEP force and torque acting on
an arbitrarily oriented, shaped, and heterogeneous object in
fractions of a second. [38] We then extended this model by a
hydrodynamic part (computable in real-time) and showed that
its predictions match well the experimental observations. [39]
Contribution
In this paper, we show how such a mathematical model can
be used in feedback control of a position and an orientation
of arbitrary micro-objects using gDEP. We demonstrate it
in experiments with a quadrupolar electrode array (typically
used for electrorotation experiments) and various Tetris-shaped
micro-objects, which we steer to a randomly chosen desired
locations and orientations or along predefined trajectories.
Precision, accuracy, and speed of such controlled gDEP ma-
nipulation are analyzed.
Such a manipulation system has a potential to be applied for
example in tissue engineering to precisely arrange microgel
cell-laden structures or in drug delivery where the objects
could have functionalized surfaces.
II. LABORATORY SETUP
The experimental setup consists of several components: the
dielectrophoretic chip, microscope equipped with a camera,
personal computer (PC), and a hardware for a generation of
driving voltage signals (FPGA generating square waves with
adjustable phase-shift, low-pass filters, and amplifiers). Their
interconnection forming a feedback loop is schematically
shown in Fig. 1. As it is indicated in the figure, the actuation
happens by applying four harmonic signals differing in phase.
The amplitude, as well as frequency of the voltage signals,
remain fixed; all the controller can alter are their mutual phase-
shifts.
The dielectrophoretic chip consists of a glass substrate
with quadrupolar micro-electrodes (the arrangement showed
in Fig. 1, which is typically used for electrorotation) fabricated
on its surface. They are made by a photolithography process
from gold (500 nm) deposited on a thin layer of chromium
(20 nm). On the top of the chip, there is attached a plastic
container holding a liquid medium with a micro-object.
In this paper, we present experiments made with two differ-
ent shapes of micro-objects depicted with their dimensions
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Fig. 2. SU-8 micro-objects (called herein “S/Z”-shaped, and “T”-shaped,
respectively) used in the experiments. The cross marks the point, which is
used as base for measuring the object’s position and orientation.
TABLE I
PROPERTIES OF THE USED MATERIALS
Property Value Source
density of water soln. 998 kgm−3 [40]
viscosity of water soln. 0.9078mPa s at 25 ◦C [40]
rel. permittivity of water soln. 80 –
el. conductivity of water soln. ∼16 µS cm−1 meas.*
density of SU-8 1190 kgm−3 [41]
relative permittivity of SU-8 3.2 [42]
electrical conductivity of SU-8 5.556× 10−11 µS cm−1 [42]
* using conductivity meter Jenway 4510
in Fig. 2. They are made by a photolithography process
from a 50 µm thick layer of SU-8 photoresist. All of the
microfabrication was done by FEMTO-ST Institute1.
As the medium, we use deionized water (prepared by Water
Purification System Direct-Q 3) mixed with a Polysorbate 20
(Tween 20) to reduce the surface tension of water so that
we can immerse the micro-objects. The used solution has an
electric conductivity of 16 µS cm−1. The other properties of
the used materials relevant for modeling of the used physical
phenomena are summarized in Table I.
The electrode array is placed under the microscope (Olym-
pus BXFM) equipped with a long working distance ob-
jective 20×/0.40 (LMPLFLN20x) and a secondary 5×/0.10
(MPLN5x) objective. The first one serves as the principal one
for experimental observations, while we use the second one
just for calibration of coordinates (due to its greater field of
view capable of also capturing the distinctive corners of the
electrodes). The manipulation area is illuminated from below
by a white LED panel highlighting the edges of the, other-
wise transparent, micro-object. A secondary stereo microscope
(Arsenal SZ 11-TH) situated right next to the primary one
is used to prepare the sample before the experiment begins
(see section IV-A below for a description of the experimental
procedure).
The video stream is captured by a digital camera (Basler
acA1300-200um) and processed on a regular PC (Intel Core
i5, 3.30 GHz, 8 GB RAM, 64-bit, Win 7). An automated
image processing obtains a current position and orientation of
the micro-object. The PC also runs the control algorithm (de-
1FEMTO-ST Institute, AS2M department Univ. Bourgogne Franche-Comt,
CNRS, 24 rue Savary, F-25000 Besanon, France.
3scribed later in section III and sends the actuation commands
via USB to a signal generator. Both the image processing
and controller are implemented in MATLAB software (by
Mathworks) and run with a frequency of 50 Hz.
The phase-shifted voltage signals are generated by a custom
programmed Altera DE0-Nano development board2 (by Tera-
sic Inc.). The phase resolution is 1◦, and the output amplitude
is 3.3 V, corresponding to the logic voltage levels used by
the board. We use a frequency of 300 kHz, which is higher
than the ROT peak of 3.74 kHz for the given combination
of medium/object materials. Still, the achievable strength of
gDEP forces and torques is sufficient, and yet we avoid
the unwanted effects of low-frequency electroosmosis. The
generated square waves are then filtered through a pair of
RLC filters in series (R=500 Ω, L=100 µH, C=1.5 nF) with a
cut-off frequency around 411 kHz to remove the higher-order
harmonics, whose influence is not modeled for the reasons
of simplicity. Another capacitor in series (100 nF) is used to
remove the DC offset. The filtered signals are then connected
to the inputs of four custom-made high-speed power amplifier
modules QA210 (by Quintenz Hybridtechnik). Since the gains
of these modules have a fixed value of 50, we adjust the
amplitudes of the inputs by simple voltage dividers. The output
amplitudes are this way set to be around 38 V.
III. CONTROL ALGORITHM
In order to automatically manipulate the objects in the
desired way, we need to measure their current position and
orientation continuously. As described above, this is done by
grabbing the image by the camera mounted on a microscope
and sending it to a PC running the image processing and con-
trol algorithm. Based on the difference between the actual and
the desired position and orientation of the object (decided, for
example, by a human operator), a desired object’s translational
and rotational velocity vectors are computed.
Using the hydrodynamic model, we then compute the cor-
responding drag forces and torques that we need to overcome,
taking into account the specific orientation of the object.
Taking their negative and subtracting the sedimentation force
arising due to gravity and buoyancy gives us the force and
torque we need to exert by gDEP. The hardest (and most
computationally intensive) part of the problem is to compute
the appropriate phase-shifts of the voltage signals that would
accomplish this. Since the model described in our previous
work [38] gives force and torque based on voltages, we need to
perform the model inversion. Only then we will finally obtain
the parameters of voltage signals that are afterward applied
to the electrodes. This whole fully automatic process repeats
with a frequency of 50 Hz. We will describe the mentioned
subproblems in the following subsections in greater detail.
A. Computer vision
The actual position and orientation of the object are in real
time automatically extracted from the image frames acquired
by the camera on the microscope.
2https://github.com/aa4cc/fpga-generator/
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Fig. 3. (A) Down-sampled image of the whole manipulation area obtained
from a camera on a microscope. (B) Cropped segment of the image containing
the object of interest. (C) Binary image showing the boundary of the object.
Fig. 4. Definition of the used system of coordinates and directions of rotations.
The captured image is at first down-sampled to 256 × 205
and subsequently cropped to a size of 80×80 pixels containing
just the object of interest, which is shown in Fig. 3(A),(B),
respectively. The cropping window is centered at the location
where the object was detected last time. Although it still
slightly lags behind the actual position of the object, its size
is chosen so that the object never leaves it. This considerable
reduction of the image size makes its subsequent processing
much faster.
The local variance threshold-based edge detector is then
used to create a binary image (shown in Fig. 3(C)) discrimi-
nating, which part of the scene is the object’s boundary and
which it is not. The largest continuous blob of pixels making
the object’s boundary is used for further processing, making it
robust against the occasional presence of small dust particles.
Using the thresholded image also helps the detection algorithm
to better cope with possible gradients in scene illumination.
We then use the second-order central moments of the binary
image to compute the position and orientation of the object
and express them in a coordinate system defined in Fig. 4.
[43] The average time of processing one frame is 1.2 ms.
B. Determination of the needed force and torque
As stated above, the first step is to determine the desired
vectors of translational and rotational velocities, v and ω,
respectively. We use a proportional regulator, which makes
them simply proportional to the actual errors in achieved
position and orientation, respectively:
v = kv (rref − r) ,
ω = kω (φref − φ) ,
(1)
4where r and φ are the actual measured position and orienta-
tion, respectively. Analogously, rref and φref are the reference
position and orientation, respectively. The scalar gains were
chosen to be kv = 50 and kω = 10, respectively, leading to
neither too mild nor too aggressive behavior. Based on (5)
from [39] (originally derived in [44]) and the discussion at
the beginning of section III, the gDEP forces and torques that
should enforce such a motion are
Fref = µKv + µC
T
Oω − Fsed,
Tref = µCOv + µΩOω,
(2)
where µ is the dynamic viscosity of the liquid medium,
K, CO, and ΩO are translational, coupling and rotational
tensors, respectively of the specific micro-object as described
in [39]. Fsed = [0, 0, (ρm − ρo)V g]T is the sedimentation
force incorporating both the buoyancy and gravity effect with
ρo and ρm representing the density of the object and of the
liquid medium respectively, V being the object’s volume, and
g denoting the gravitational acceleration.
C. Model inversion using optimization
The previously developed control-oriented model [38] pro-
vides us with a way to compute the gDEP force and torque
acting on an object at a specified location and under the effect
of particular voltages in fractions of a second. As it was
already mentioned above, for control purposes, we need to
invert the model so that it gives us the parameters of voltage
signals provided the desired force and torque as the inputs.
Unfortunately, there does not exist any simple analytical
inversion of the model, and we have to formulate it as a
numerical optimization problem. For solving it, we need to
repeatedly evaluate the force and torque at a given position
many times (in our implementation up to ∼ 2500) for various
input voltage signals. Since this has to be done in every
control period, which is itself merely T = 20 ms, the model
formulation from [38] can not be directly used for this purpose.
We can, however, utilize the principle of superposition
holding for electric potential (and its spatial derivatives) and
reformulate the model in the same way as we showed in [31],
this time including not only the expression for force but
also torque and using higher-order multipolar moments (up
to the 5th order). We evaluate all of the spatial derivatives
of the electric field as well as all of the multipolar moments
appearing in (4-5) from [38] for a set of scenarios. In each
of them, an electric potential of 1 V is applied to one of
the electrodes (every time a different one), while the rest
of them is kept grounded. Using this basis of solutions and
expressing (4-5) from [38] component-wise in a computer
science convention, where a vector is considered to be an n-
tuple of numbers, we get for every spatial component of force
and torque a simple quadratic form
Fa = u˜
TPa (x, y, z, φ, θ, ψ) u˜, a ∈ {x, y, z} , (3)
Ta = u˜
TQa (x, y, z, φ, θ, ψ) u˜, a ∈ {x, y, z} . (4)
Here, u˜ is a vector of phasors representing the harmonic
voltage signals applied to the individual electrodes and P and
Q are the position and orientation dependent matrices. Such
model formulation enables us to calculate force and torque
at a given position for many possible variations of voltage
parameters in almost no time.
Some 1.2 ms are needed to compute matrices P and Q for
our case of four electrodes and multipoles up to the 5th order.
Generally, the time t, which is needed, depends linearly on
the number of electrodes n ∈ Z (t = 0.29n + 0.083 ms),
linear regression made from measurements on the PC used
for control).
The biggest computational bottleneck is expressing the
source electric field (and its spatial derivatives) in a rotated
coordinate frame aligned with the micro-object of interest,
which is needed for computation of multipolar moments (for
details explaining why this operation is necessary, see [38]).
In our implementation, we used a chain rule to derive the
specific analytical expressions (and simplified them using a
matlabFunction), telling us how to make this transfor-
mation. Using just-in-time (JIT) compilation in Matlab, we
achieved even higher speeds than with a compiled MEX
version of the same. In other cases (outside of MATLAB
environment), it may be better to treat the spatial derivatives
of the electric field as tensors of ascending order and utilize
algorithms for (rotational) transformations of a tensor.
Having the gDEP model in a such (computationally) conve-
nient form, we can formulate its inversion as an optimization
problem. Since not all of the forces and torques are feasible
to achieve, we came up with the following optimization
task formulation trying to minimize various weighted error
representations:
minimize
u˜=[u˜1,...,u˜4]
T
wTe
‖w‖ ,
subject to |u˜i| = U,
6 u˜i ∈
{
0,
2pi
360
, . . . , 359
2pi
360
}
,
i = 1, . . . , 4,
(5)
where w = [10, 1, 10, 1]T is the vector of weights and e
is the vector of considered errors whose individual elements
are as follows: e1 is the percentage error in the torque
direction computed as e1 = 100/pi · arccos T
TTref
‖T ‖‖Tref‖ , e2
is the percentage error in the torque magnitude computed
as e2 = 100T−Tref‖Tref‖ , e3 is the percentage error in the
direction of the force projected to xy-plane computed as
e3 = 100/pi · arccos FxFref,x+FyFref,y√
(F 2x+F
2
y )(F
2
ref,x+F
2
ref,y)
, and finally e4 is
the percentage error in the z-component of the force computed
as e4 = 100
Fz−Fref,z
‖Fref,z‖ . Finally, U = 38 represents the fixed
amplitude of the voltage signals.
To solve this optimization task, we used a simulated anneal-
ing algorithm implemented according to [45]. It can naturally
deal well with the discreteness of the set of plausible inputs,
and it was much faster then the other tested global optimization
solvers or their combinations (pattern search, Nelder-Mead,
and BFGS Quasi-Newton method with a cubic line search
procedure). The average solution time of (5) is 2.7 ms.
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Fig. 5. Achievable (feasible) torques for object located at x = 0 µm, y =
0 µm, z = 100 µm with a gDEP force counteracting the sedimentation force.
D. Achievable forces and torques
Not all of the forces, torques, and especially their specific
combinations that we are demanding are feasible. Figure 5
show an estimate of the achievable torques rendered for one
particular case of “S/Z”-shaped object located at x = y =
0 µm, and z = 100 µm oriented with φ = θ = ψ = 0 rad,
while the gDEP force counteracts the sedimentation force. The
color represents the percentage difference from this desired
force. It is apparent that the mere four electrodes of the
quadrupolar electrode array limit freedom of motion control
severely. Still, we can achieve a lot as will be demonstrated
experimentally, later on, in section IV. Different electrode
arrays with more electrodes should achieve even better results
in the future.
IV. EXPERIMENTAL RESULTS
In this section, we describe the used experimental procedure
and present the measured data from tasks of the simultaneous
position and orientation control, and a trajectory following.
A. Workflow of experiments
Before the beginning of every experiment, we measured the
temperature of the prepared liquid medium, based on which
the viscosity parameter µ of the model is adjusted.
We take advantage of the long working distance, three-
dimensional view, and the zoom lenses to manually position
the object in between the electrodes (using a sharpened tip of
a pipette), and fill up the container with the medium. We then
cover the experimental chamber by a cover glass, so that the
surface of the liquid medium is flat and to prevent any further
contamination of the experimental chamber by dust from the
surrounding.
The electrode array is then carefully transferred below the
primary microscope. Since it is not possible to repeatedly
achieve exactly the same position (with a micrometer pre-
cision) of the array w.r.t. the field-view of the microscope,
it is always necessary to calibrate the coordinate system.
A semiautomated procedure guides the user to select a few
significant and well distinguishable points in the camera image
(corners of the electrode array) for computation of the image
transformation. For this purpose, we use the 5× magnification
since the 20× objective captures mainly just the space between
the electrodes where nothing other, but the object is located.
For this higher magnification, the obtained transformation has
to be therefore adjusted afterward by scaling and by adding
some small empirically determined offset in position.
An experiment starts with a short period of pure electrorota-
tion (90◦ mutually phase-shifted harmonic signals are applied
to the electrodes) so that the object lifts off from the ground,
centers itself in the space between the electrodes, and achieves
its steady levitation height.
Since we are observing the scene from the top, the current
experimental arrangement does not allow us to measure the
levitation height continuously and use it for control purposes.
We can, however, at least get its estimate at the beginning
of an experiment and then require our controller to maintain
the levitation height constant (at least in an open-loop regime).
The same technique was already successfully deployed in [31].
Using the technique of axial distance measurement [46] de-
veloped in the field of 3D microscopy, we estimated the initial
z-coordinate of the object to be approximately 100 µm.
In the following subsections, we will present some of the
obtained experimental data demonstrating the capabilities of
the manipulator.
B. Position and orientation control
In the experiment presented in Fig. 6, the “S/Z”-shaped
object was steered in between several randomly chosen ref-
erence positions and orientations. These were always changed
3 s after the object achieved less then a 20 µm and pi16 rad
error in its position and orientation, respectively. Figure 7
shows a phased-motion created by a fusion of several camera
frames being all 250 ms apart from each other representing
a transition of the object between two reference positions
(from approximately 7.54 s to 9.26 s of experimental footage).
Figure 8 show the same experimental procedure for the “T”-
shaped object. From the referred graphs, its is obvious that
the farther the goal position of the object is from the center
of the manipulation area, the harder (and thus also slower) it
is for the manipulator to achieve it.
C. Trajectory following
By defining a sequence of mutually close reference posi-
tions, we can force an object to follow some prescribed tra-
jectory by requiring it to pass through all points consecutively.
In the experiment presented in Fig. 9, the “S/Z”-shaped object
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Fig. 6. Results of the experiment with the “S/Z”-shaped micro-object moving
between several randomly chosen locations and orientations.
Fig. 7. Fusion of several camera frames indicating the object’s motion (with
a time-step of 250ms). The red silhouette represents the desired goal position
and orientation of the object.
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Fig. 8. Results of the experiment with the “T”-shaped micro-object moving
between several randomly chosen locations and orientations.
was steered around a circle while orienting itself so that it
always remained tangent to the prescribed path.
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Fig. 9. Results of the experiment with the “S/Z”-shaped micro-object
following a prescribed circular trajectory.
A video from all of the above mentioned experiments is
also available on-line 3.
D. Precision, accuracy and speed
We evaluated the precision and accuracy of the manipulator
by a set of experiments, in which we steered the “S/Z”-
shaped object to a grid of predefined positions and orientations
over one quarter of the manipulation area (we utilize the
symmetry of the electrode array to reduce the number of
experiments to be done). Every experimental run started from
a location x = y = 0 µm, and z = 100 µm with an
orientation ψ = θ = φ = 0 rad. An experiment ended
either if the object achieved its goal position with a small
enough tolerance (than it was kept there for additional 3 s)
or a time limit of 20 s elapsed. The measured positions and
orientation from the last 3 s of every experiment were then
used to calculate the error of the mean value of position and
orientation, which signify the accuracy of the manipulation
and the variance of measured positions and orientations, which
signify its precision. The results are shown in Fig. 10. The
accuracy of positioning was most of the time around 5 µm,
while the accuracy of orientation was around 0.01 rad. As
can be noticed, the orientation of the object influences the
accuracy of positioning. In the case of φ = 0 rad, there is a
notably smaller error along the y-axis, while for φ = pi2 rad
an error along the x-axis was smaller. Generally, the closer
the boundary of the object approaches the electrodes, the less
accurate the manipulation is.
Regarding the manipulation speed, the object achieved
its final position (with the tolerance noted above) in 4.6 s
on average, which corresponds to a manipulation speed of
∼ 22.1 µm s−1.
V. CONCLUSIONS
We described a non-contact micro-manipulation technique
based on dielectrophoresis capable of arbitrary positioning and
orienting micro-object of various shapes.
3https://youtu.be/SBepX Xk1BM
7error of position mean (m)
 
=
 0 
rad
0
5
10
15
y 
(m
)
10-5
0
2
4
10-5
position variance
0
2
4
10-11
eror of orientation mean (rad)
0
0.02
0.04
orientation variance
0
0.5
1
10-3
 
=
 
/4 
rad
0
5
10
15
y 
(m
)
10-5
0
2
4
10-5
0
2
4
10-11
0
0.02
0.04
0
0.5
1
10-3
 
=
 
/2 
rad
0 5 10 15
x (m) 10-5
0
5
10
15
y 
(m
)
10-5
0
2
4
10-5
0 5 10 15
x (m) 10-5
0
2
4
10-11
0 5 10 15
x (m) 10-5
0
0.02
0.04
0 5 10 15
x (m) 10-5
0
0.5
1
10-3
Fig. 10. A set of measurements evaluating the precision (error of mean) and accuracy (variance) of the presented micro-manipulation. The object was
repeatedly steered from an initial central position (x = y = 0 µm) to a grid of positions inside a radius of approximately 150 µm above one quarter of the
manipulation area (the electrode array is symmetric). This was repeated for three different orientations of the object.
The object is automatically tracked in a video stream, and
the controller using real-time optimization-based inversion of
the gDEP model finds the most suitable phase-shifts of the
voltage signals used for actuation.
Experiments performed on a quadrupolar electrode ar-
ray demonstrated the micro-manipulation capabilities of the
proposed approach. The analysis of manipulation accuracy
showed that the mean error in position is around 5 µm, while
the error in orientation is around 0.01 rad. A video showing
some of the experiments is available online at https://youtu.
be/SBepX Xk1BM.
Our solution enables us to manipulate with objects of arbi-
trary shapes being made from a broad class of polarizable ma-
terials and being even inhomogeneous. With a higher number,
different sizes, and arrangements of electrodes, the technique is
readily extensible to simultaneous manipulation with multiple
and even much smaller objects. Since the manipulation is non-
contact, it could also be used in closed microfluidic systems
for biology or micro-assembly applications. The latter is our
current research direction.
ACKNOWLEDGMENT
This work has been supported by the Czech Science Foun-
dation within the project P206/12/G014 (Center for advanced
bioanalytical technology). Thanks should also go to the French
RENATECH network and its FEMTO-ST technological fa-
cility for manufacturing the used electrode array and micro-
objects as part of our previous collaboration.
REFERENCES
[1] L. Valihrach, P. Androvic, and M. Kubista, “Platforms for Single-Cell
Collection and Analysis,” International Journal of Molecular Sciences,
vol. 19, no. 3, p. 807, Mar. 2018.
[2] D. Gao, F. Jin, M. Zhou, and Y. Jiang, “Recent advances in single cell
manipulation and biochemical analysis on microfluidics,” Analyst, vol.
144, no. 3, pp. 766–781, 2019.
[3] T. Luo, L. Fan, R. Zhu, and D. Sun, “Microfluidic Single-Cell Manipula-
tion and Analysis: Methods and Applications,” Micromachines, vol. 10,
no. 2, p. 104, Feb. 2019.
[4] S. Lindstro¨m and H. Andersson-Svahn, “Overview of single-cell analy-
ses: microdevices and applications,” Lab on a Chip, vol. 10, no. 24, pp.
3363–3372, Dec. 2010.
[5] J. Nilsson, M. Evander, B. Hammarstro¨m, and T. Laurell, “Review of
cell and particle trapping in microfluidic systems,” Analytica Chimica
Acta, vol. 649, no. 2, pp. 141–157, Sep. 2009.
[6] Y. Zhao, D. Chen, H. Yue, J. B.French, J. Rufo, S. J.Benkovic, and
T. JunHuang, “Lab-on-a-chip technologies for single-molecule studies,”
Lab on a Chip, vol. 13, no. 12, pp. 2183–2198, 2013.
[7] L. Liu, K. Chen, N. Xiang, and Z. Ni, “Dielectrophoretic manipulation
of nanomaterials: A review,” ELECTROPHORESIS, vol. 40, no. 6, pp.
873–889, 2019.
[8] H. Ceylan, J. Giltinan, K. Kozielski, and M. Sitti, “Mobile microrobots
for bioengineering applications,” Lab on a Chip, vol. 17, no. 10, pp.
1705–1724, 2017.
[9] J. Yao, G. Zhu, T. Zhao, and M. Takei, “Microfluidic device embed-
ding electrodes for dielectrophoretic manipulation of cells-A review,”
ELECTROPHORESIS, vol. 40, no. 8, pp. 1166–1177, 2019.
8[10] T. Agarwal and T. K. Maiti, “20 - Dielectrophoresis-based devices for
cell patterning,” in Bioelectronics and Medical Devices, ser. Woodhead
Publishing Series in Electronic and Optical Materials, K. Pal, H.-B.
Kraatz, A. Khasnobish, S. Bag, I. Banerjee, and U. Kuruganti, Eds.
Woodhead Publishing, Jan. 2019, pp. 493–511.
[11] W. Hu, K. S. Ishii, Q. Fan, and A. T. Ohta, “Hydrogel microrobots
actuated by optically generated vapour bubbles,” Lab on a Chip, vol. 12,
no. 19, pp. 3821–3826, Aug. 2012.
[12] S. Tasoglu, E. Diller, S. Guven, M. Sitti, and U. Demirci, “Untethered
micro-robotic coding of three-dimensional material composition,” Na-
ture Communications, vol. 5, no. 1, pp. 1–9, Jan. 2014.
[13] Z. Liu, M. Takeuchi, M. Nakajima, C. Hu, Y. Hasegawa, Q. Huang,
and T. Fukuda, “Three-dimensional hepatic lobule-like tissue constructs
using cell-microcapsule technology,” Acta Biomaterialia, vol. 50, pp.
178–187, Mar. 2017.
[14] J. Cui, H. Wang, Q. Shi, T. Sun, Q. Huang, and T. Fukuda, “Multicellular
Co-Culture in Three-Dimensional Gelatin Methacryloyl Hydrogels for
Liver Tissue Engineering,” Molecules, vol. 24, no. 9, p. 1762, Jan. 2019.
[15] S. Ruggeri, G. Fontana, and I. Fassi, “Micro-assembly,” in Micro-
Manufacturing Technologies and Their Applications, I. Fassi and
D. Shipley, Eds. Cham: Springer, Jan. 2017, ch. 9, pp. 223–259.
[16] E. Diller and M. Sitti, “Three-Dimensional Programmable Assembly
by Untethered Magnetic Robotic Micro-Grippers,” Advanced Functional
Materials, vol. 24, no. 28, pp. 4397–4404, 2014.
[17] D. He´riban, M. Gauthier, D. Heriban, and M. Gauthier, “Robotic
micro-assembly of microparts using a piezogripper,” in 2008 IEEE/RSJ
International Conference on Intelligent Robots and Systems. IEEE,
Sep. 2008, pp. 4042–4047.
[18] C.-J. Kim, A. Pisano, and R. Muller, “Silicon-processed overhanging
microgripper,” Journal of Microelectromechanical Systems, vol. 1, no. 1,
pp. 31–36, Mar. 1992.
[19] N. Chronis and L. Lee, “Electrothermally activated SU-8 microgripper
for single cell manipulation in solution,” Journal of Microelectrome-
chanical Systems, vol. 14, no. 4, pp. 857–863, Aug. 2005.
[20] N. Dechev, W. Cleghorn, and J. Mills, “Microassembly of 3-D mi-
crostructures using a compliant, passive microgripper,” Journal of Mi-
croelectromechanical Systems, vol. 13, no. 2, pp. 176–189, Apr. 2004.
[21] B. E. Volland, H. Heerlein, and I. W. Rangelow, “Electrostatically driven
microgripper,” Microelectronic Engineering, vol. 61-62, pp. 1015–1023,
Jul. 2002.
[22] M. Kohl, B. Krevet, and E. Just, “SMA microgripper system,” Sensors
and Actuators A: Physical, vol. 97-98, pp. 646–652, Apr. 2002.
[23] M. Gauthier, E. Gibeau, and D. Heriban, “Submerged Robotic Micro-
manipulation and Dielectrophoretic Micro-object Release,” in Robotics
and Vision 2006 9th International Conference on Control, Automation,
Dec. 2006, pp. 1–6.
[24] M. P. Kummer, J. J. Abbott, B. E. Kratochvil, R. Borer, A. Sengul,
and B. J. Nelson, “OctoMag: An Electromagnetic System for 5-DOF
Wireless Micromanipulation,” IEEE Transactions on Robotics, vol. 26,
no. 6, pp. 1006–1017, Dec. 2010.
[25] R. Haghighi and C. C. Cheah, “Optical Manipulation of Multiple
Groups of Microobjects Using Robotic Tweezers,” IEEE Transactions
on Robotics, vol. 32, no. 2, pp. 275–285, Apr. 2016.
[26] H.-W. Tung, M. Maffioli, D. R. Frutiger, K. M. Sivaraman, S. Pan,
and B. J. Nelson, “Polymer-Based Wireless Resonant Magnetic Micro-
robots,” IEEE Transactions on Robotics, vol. 30, no. 1, pp. 26–32, Feb.
2014.
[27] C. Pawashe, S. Floyd, E. Diller, and M. Sitti, “Two-Dimensional
Autonomous Microparticle Manipulation Strategies for Magnetic Micro-
robots in Fluidic Environments,” IEEE Transactions on Robotics, vol. 28,
no. 2, pp. 467–477, Apr. 2012.
[28] S. Floyd, C. Pawashe, and M. Sitti, “Two-Dimensional Contact and
Noncontact Micromanipulation in Liquid Using an Untethered Mobile
Magnetic Microrobot,” IEEE Transactions on Robotics, vol. 25, no. 6,
pp. 1332–1342, Dec. 2009.
[29] H. A. Pohl, “The Motion and Precipitation of Suspensoids in Divergent
Electric Fields,” Journal of Applied Physics, vol. 22, no. 7, pp. 869–871,
Jul. 1951.
[30] X.-B. Wang, Y. Huang, F. F. Becker, and P. R. C. Gascoyne, “A uni-
fied theory of dielectrophoresis and travelling wave dielectrophoresis,”
Journal of Physics D: Applied Physics, vol. 27, no. 7, pp. 1571–1574,
Jul. 1994.
[31] J. Zema´nek, T. Micha´lek, and Z. Hura´k, “Phase-shift feedback control
for dielectrophoretic micromanipulation,” Lab on a Chip, vol. 18, no. 12,
pp. 1793–1801, 2018.
[32] ——, “Feedback control for noise-aided parallel micromanipulation of
several particles using dielectrophoresis,” ELECTROPHORESIS, vol. 36,
no. 13, pp. 1451–1458, Jul. 2015.
[33] M. Kharboutly and M. Gauthier, “High speed closed loop control of a
dielectrophoresis-based system,” in 2013 IEEE International Conference
on Robotics and Automation. IEEE, May 2013, pp. 1446–1451, iSSN:
1050-4729.
[34] B. Edwards and N. Engheta, “Electric tweezers: negative dielec-
trophoretic multiple particle positioning,” New Journal of Physics,
vol. 14, no. 6, p. 063012, Jun. 2012.
[35] C. Jiang and J. K. Mills, “Planar cell orientation control system using
a rotating electric field,” IEEE/ASME Transactions on Mechatronics,
vol. 20, no. 5, pp. 2350–2358, Oct 2015.
[36] B. Edwards, T. S. Mayer, and R. B. Bhiladvala, “Synchronous Electroro-
tation of Nanowires in Fluid,” Nano Letters, vol. 6, no. 4, pp. 626–632,
Apr. 2006.
[37] B. Edwards, N. Engheta, and S. Evoy, “Electric tweezers: Experimental
study of positive dielectrophoresis-based positioning and orientation of
a nanorod,” Journal of Applied Physics, vol. 102, no. 2, p. 024913, Jul.
2007.
[38] T. Micha´lek, A. Bolopion, Z. Hura´k, and M. Gauthier, “Control-oriented
model of dielectrophoresis and electrorotation for arbitrarily shaped
objects,” Physical Review E, vol. 99, no. 5, p. 053307, May 2019.
[39] T. Micha´lek, A. Bolopion, Z. Hura´k, and M. Gauthier, “Electrorota-
tion of arbitrarily shaped micro-objects: modeling and experiments,”
IEEE/ASME Transactions on Mechatronics, pp. 1–1, 2019.
[40] “Database of pure component properties.” [Online]. Available: https:
//www.cheric.org/research/kdb/hcprop/cmpsrch.php
[41] “Material properties database: SU-8 photoresist,” http://www.mit.edu/
∼6.777/matprops/su-8.htm, (accessed November 2019).
[42] “Datasheet of MicroChem’s SU-8 permanent photoresists.” [Online].
Available: http://microchem.com/pdf/SU-8-table-of-properties.pdf
[43] B. Jahne, Practical handbook on image processing for scientific and
technical applications. CRC Press, 2004.
[44] J. Happel and H. Brenner, Low Reynolds number hydrodynamics: with
special applications to particulate media. Prentice-Hall, 1965.
[45] S. Kirkpatrick, C. D. Gelatt, and M. P. Vecchi, “Optimization by
Simulated Annealing,” Science, vol. 220, no. 4598, pp. 671–680, May
1983.
[46] T. D. Visser, J. L. OUD, and G. J. BRAKENHOFF, “Refractive index
and axial distance measurements in 3-D microscopy,” Optik, vol. 90,
no. 1, pp. 17–19, 1992.
Toma´sˇ Micha´lek received his Ing. ( M.Sc.) degree
in Cybernetics and Robotics from the Czech Tech-
nical University in Prague, Prague, Czech Republic,
in 2015. He is currently working toward the Ph.D.
degree in Control Engineering and Robotics.
His research interests include mathematical mod-
eling and control design for noncontact micromanip-
ulation via dielectrophoresis and electrorotation.
Zdeneˇk Hura´k received the Ing. ( M.Sc.) degree in
aerospace electrical engineering (summa cum laude)
from Military Academy, Brno, Czech Republic, in
1997. He received the Ph.D. degree in cybernetics
and robotics from the Czech Technical University,
Prague, Czech Republic, in 2004. Currently he is
an associate professor of control engineering at
Faculty of Electrical Engineering, Czech Technical
University in Prague, Czech Republic. His research
focus is on computational methods for optimal, ro-
bust and distributed control and their applications in
electromechanical systems, including non-contact (micro)manipulation using
dielectrophoresis and magnetophoresis, more info on his group webpage
http://aa4cc.dce.fel.cvut.cz.
